Abstract
INTRODUCTION
In recent years, prosthesis selection for valve replacement has become more complex because of the availability of an increasing number of cardiac valve prostheses. Both the American [1] and the European [2] guidelines on the management of patients with valvular heart disease recommend that prosthesis selection should be a shared decision-making process that takes into account the desires of the fully informed patient (Class 1, level of evidence C). Advantages and limitations of the different prostheses should therefore be discussed with the patient.
The choice of an appropriate valve prosthesis requires considering factors such as durability and short-and long-term risks of adverse events. The obvious advantage of biological prostheses is the absence of the need for anticoagulation, which might especially be beneficial in younger and more active patients. Despite the disadvantage of structural valve deterioration (SVD), the use of bioprostheses in younger patients has increased in recent years [3] . This might partly be due to advances in percutaneous valve-in-valve procedures, offering a less invasive reintervention option in case of SVD.
The Freestyle stentless porcine bioprosthesis (Medtronic Inc., Minneapolis, MN, USA) can be used for aortic valve replacement (AVR) and/or root replacement. Since its introduction in 1993, several studies have shown good haemodynamic function up to 18 years after implantation [4] [5] [6] . Its stentless design offers a relatively large effective orifice area, which might facilitate future valve-in-valve procedures.
The Freestyle prosthesis has been used since June 1993 in our institution for a variety of indications [7] . This is a single-centre study, with more than 20 years of experience with the Freestyle bioprosthesis. The objective of this study was to provide predictive information to guide patients, cardiologists and surgeons in their shared process of choosing a prosthesis.
METHODS
This is a single-centre observational study. Details of patients who received the Freestyle stentless bioprosthesis in the aortic position between June 1993 and December 2014 at the Leiden University Medical Center, Netherlands, were identified from the department's database and all patients were included in this study. Preoperative, operative and discharge data were retrospectively obtained from medical records. Surviving patients were prospectively followed up from January 2015. The study end-points were the development of SVD, the occurrence of valve-related events and mortality. SVD and valve-related events were defined according to the 2008 guidelines for reporting mortality and morbidity after cardiac valve interventions [8] . The Ethics Committee of the institution approved the study design and granted permission to conduct the study.
Indications, prosthesis choice, surgical technique and anticoagulation management
Indications for aortic valve and/or root replacement have changed over time, but procedures were always performed according to the recommendations or guidelines that were pertinent at that time. Prosthesis choice was a result of comprehensively weighing several factors, with the wishes of the well-informed patient as a cornerstone. Patient information always included insight into the risks of anticoagulation and thrombosis in mechanical prostheses, and the possible need for reintervention in bioprostheses, with their associated risks. Generally, a stentless valve was preferred over a stented bioprosthesis in younger patients because of the larger effective orifice area and presumably longer durability.
The different techniques used for implantation of the Freestyle prosthesis have been described previously [9] . Until 2005, most prostheses were implanted using subcoronary (SC) or root inclusion (RI) techniques based on the surgeon's preference. Thereafter, the full root replacement (FR) technique was used exclusively to fully maintain prosthesis geometry with the intention of maintaining better durability.
Anticoagulation management after the Freestyle implantation also changed. Initially, patients typically received no anticoagulants. Since the year 2000, patients without indication for vitamin K antagonists receive low-dose aspirin for 3 months after the implantation.
Follow-up
For deceased patients, information on the cause of death, SVD and valve-related events was obtained from hospital and/or general practitioners' databases. Surviving patients were sent questionnaires regarding their health status and were invited to visit the outpatient clinic to undergo transthoracic echocardiography. When patients declined this invitation, clinical and echocardiographic follow-up data were obtained from the patients' cardiologists after signed informed consent. Patients were mostly followed up annually or biannually after the implantation. Patients who received a second Freestyle prosthesis were censored for SVD and valve-related events. Vital status of the patients were checked on 25 May 2016 and follow-up ended the same day.
Statistical analysis
Continuous variables were expressed as mean ± standard deviation (normally distributed) or as median and interquartile range (IQR) (non-normally distributed). Categorical variables were reported as numbers and percentages. Group differences were tested using a 1-way analysis of variance (ANOVA) (normally distributed), the Kruskal-Wallis test (non-normally distributed) and the v 2 test (categorical data). Early mortality was defined as death within 30 days after surgery or during the same hospital admission. Univariable risk factor analysis (data complete for all 604 patients) for early mortality was performed using the Student's t-test or the v 2 test. Factors with a P-value of <0.10 or clinically relevant variables were tested in a multivariable logistic regression model using the backwards stepwise conditional entry method (entry and removal probabilities of 0.05 and 0.10, respectively). Overall survival was estimated using the Kaplan-Meier method. Difference in overall survival between groups was tested using the log-rank test. To avoid informative censoring in the analysis of freedom from SVD, a competing risks analysis was performed considering death and explant for other causes (e.g. endocarditis) as competing risks of SVD occurrence. Excluding the early mortality cases to provide more reliable information on SVD occurrence during the longterm follow-up, the cumulative incidences of mortality, SVD occurrence and prosthesis explant for other causes than SVD were estimated for the remaining 556 patients using the mstate package version 0.2.8 [10] in R (version 3.1.2, R foundation for statistical computing, Vienna, Austria). Cumulative incidences were reported as estimate (95% confidence interval). Deceased patients with signs of SVD in their medical or echocardiographic reports were classified as having SVD. A predictive model for SVD incidence was constructed using a competing risks regression model (cmprsk package version 2.2-7 [11] ), using known risk factors for SVD and death (age, renal function and implantation technique [4, 12] ) as covariates. Internal validation of the model was done using 1000 bootstrap samples ['cindex' function in the 'pec' package (version 2.4.9)]. Except for the competing risks analyses, all analyses were performed using IBM SPSS statistics for Windows, version 23.0 (IBM Corp., Armonk, NY, USA). A P-value of <0.05 (2-sided) was considered statistically significant.
RESULTS
A total of 604 consecutive patients who received the Freestyle prosthesis were identified from the department database. At the start of the study (January 2015), 385 (64%) patients were alive. Implantation technique was SC in 143 patients, RI in 58 patients and FR in 403 patients. Preoperative patient characteristics for the total study population and for the subgroups based on the implantation technique are listed in Table 1 . Patients were younger in the FR group; as this implantation technique has been exclusively used since 2005, this coincides with the global trend of implanting bioprostheses in younger patients in the past decade. Operative details are listed in Table 2 .
Early postoperative course
In total, there were 48 (7.9%) early deaths. The early mortality rate decreased over time from 10.6% before 2000 to 5.1% in the last 5 years (Table 3 ). In elective, isolated AVR or root replacement patients, the early mortality rate decreased from 7.2% to 0% (Table 3) . Multivariable risk factor analysis showed that age, surgical period, previous cardiac surgery, previous cerebrovascular accident, chronic obstructive pulmonary disease, concomitant coronary artery bypass grafting, concomitant mitral valve surgery and urgent/emergent surgery were independent risk factors for early mortality (Supplementary Material, File A). Postoperative complications for the whole group and the subgroups are listed in Table 3 . Echocardiography taken at discharge showed mild patient-prosthesis mismatch (indexed effective orifice area between 0.65 cm 2 /m 2 and 0.85 cm 2 /m 2 ) in 37 (6%) patients.
Follow-up
A flow diagram on follow-up data of the study population is shown in Supplementary Material, File B. Clinical follow-up was 96% complete, with recent echocardiography (<1 year prior to 
Structural valve deterioration
SVD developed in 48 (7.9%) patients, of whom 43 underwent reintervention. Four patients did not undergo reintervention because of severe comorbidity (3 of them died during follow-up). One patient was under echocardiographic surveillance to determine the timing of reintervention. The mode of deterioration was leaflet tear in 36 patients, leaflet perforation in 4 patients, calcific stenosis in 7 patients and insufficiency due to dilatation of the ascending aorta in 1 patient. The prosthesis became stenotic due to calcification only after SC or RI implantation. After FR implantation, torn leaflets or valve insufficiency without leaflet tear were the mechanisms of SVD. In most of these cases, the valve leaflets had no-to-mild calcifications, but the aortic root wall was calcified instead. Competing risk analysis showed a cumulative incidence of SVD occurrence in hospital survivors of 7.1% (95% confidence interval 4.5-11.0%) and 16.9% (12.7-22.4%) at 10 and 15 years, respectively.
Valve-related events
Nineteen (3.1%) patients developed prosthetic valve endocarditis; 5 of whom underwent surgery for endocarditis during initial AVR. Late postoperative stroke occurred in 18 (3.0%) patients: 13 ischaemic and 5 haemorrhagic. Haemorrhagic stroke was associated with anticoagulant therapy for arrhythmias in 3 patients. Seventeen patients were diagnosed with a transient ischaemic attack. There were no non-cerebral embolic events. Upper gastrointestinal bleeding was seen in 3 patients (2 on oral anticoagulation). The linearized occurrence rates for prosthesis endocarditis, thromboembolic events (non-cerebral embolism, stroke and transient ischaemic attack combined) and bleeding events were 0.5%, 0.9% and 0.1% per patient-year, respectively. Valverelated events are listed in Table 3 .
Reinterventions
In total, 75 (12.4%) patients underwent aortic valve or root reintervention, with a median time to reintervention of 7.9 years (IQR 3.2-11.5 years). Primary implantation technique was SC in 34 patients, RI in 15 patients and FR replacement in 26 patients. Thirty-two (5.3%) patients were reoperated for other causes than SVD at a median time to reintervention of 2.7 years (IQR 0.8-5.5 years). Indications for non-SVD reoperation were prosthesis endocarditis in 15 patients, suture line dehiscence in 9 patients, pseudoaneurysm in 4 (2 at the proximal suture line and 2 at a coronary button) patients, (para)valvular leakage in 3 patients and Type A aortic dissection in 1 patient. One patient underwent mitral valve repair 10 years after the Freestyle implantation; the Freestyle prosthesis with normal function was replaced pre-emptively. Competing risks regression analysis showed a cumulative incidence of prosthesis explant for other causes than SVD of 6.5% (3.9-9.1%) at 10 years and 8.1% (4.9-11.0%) at 15 years.
Survival
Overall survival rates for the total patient cohort at 10, 15 and 20 years were 58.8% (53. patients and sudden unexplained in 14 (8%) patients. In 27 (16%) patients, the cause of death could not be retrieved.
Prediction model for shared decision-making
A prediction model using a competing risk regression formula was constructed to predict mortality, the chance of developing SVD and the chance of prosthesis reoperation for other causes than SVD based on age, renal function and implantation technique. Internal validation of the model showed good to fair predictive performance for SVD, with a concordance index of 80.5 at 15 years. Regression coefficients and the estimated concordance indices of the internal validation analysis are listed in Table 4 . An example of predicted outcomes for a 55-year-old patient with good renal function after root replacement is shown in Fig. 1 . An extensive overview of the outcomes from the predictive model is shown in Supplementary Material, Files C and D.
DISCUSSION
This article describes over 20 years of experience with the Freestyle stentless bioprosthesis, which has been used for various pathologies with different implantation techniques at our institution. This report provides predictive data that can aid patients, cardiologists and surgeons in their shared decision-making on using this prosthesis for AVR, giving a comprehensive summary of both the risks in the short (perioperative) term and on the occurrence of SVD and other valve-related events during follow-up. The Freestyle prosthesis can be used with an acceptable early mortality rate, given the often complex patient group. The early mortality rate decreased over time from 10% in the beginning to 5% in recent years. Since 2010, elective procedures have been performed with an early mortality rate of 2% for patients with concomitant surgery and 0% for isolated surgery. During follow-up, fewer valve-related events were observed. Furthermore, the relatively large effective orifice area of the Freestyle prosthesis, as reflected by the low incidence of moderate patient-prosthesis mismatch (i.e. a risk factor for all-cause and cardiac mortality [12, 13] ), enables future valve-in-valve procedures. The elective patient with an indication for aortic root replacement with or without the ascending aorta replacement can therefore be treated with this prosthesis with a minimal risk.
As with all bioprostheses, the Freestyle prosthesis will degenerate in time. The cumulative incidence of SVD at 15 years was 17% in this series. Leaflet tear was the predominant mode (75%) of SVD. As a result of the sudden failure of the prosthesis, patients presented mostly with subacute symptoms of moderate decompensation.
FR replacement was associated with higher freedom from SVD compared with other implantation techniques in our competing risks model. Since late 2005, the FR implantation technique has been used exclusively at our institution. Increased durability of the Freestyle prosthesis after FR replacement was previously reported by Mohammadi et al. [4] . In a randomized trial, El-Hamamsy et al. [14] have reported higher freedom from SVD and reoperation for SVD of the Freestyle prosthesis compared with homografts. SVD developed earlier in younger patients. In patients <40 years of age, 57% had developed SVD 15 years after surgery. For these patients, other alternatives offer a better solution. In a previous series published by our group on young patients (median age 12 years, all under 40 years of age) undergoing the Ross procedure [15] , an analysis with death as a competing risk for autograft reoperation showed a cumulative incidence of autograft reoperation at 20 years of 31%. For patients <40 years of age, the pulmonary autograft appears to be the best bioprosthesis available for AVR in terms of durability [16] .
There is an increasing recognition that patients' wishes and expectations regarding valve prostheses have to be taken into account in the process known as shared decision-making. Korteland et al. [17] , in their study among patients aged <60 years and who received either a mechanical or a biological aortic valve prosthesis, reported that the majority of the patients consider it important that they are involved in deciding on the type of prosthesis. Furthermore, they found that patients who were more actively involved in choosing the prosthesis type showed better mental health after surgery, as measured with the 36-Item Short Form Health Survey.
Recent guidelines underscore that the choice of valve intervention and type of valve prosthesis should be a shared decision [1, 2] . Yet for patients to be able to make a good decision, they need to be informed with full disclosure about all benefits and risks that accompany certain interventions. A study in patients undergoing AVR in the Netherlands analysed patients' knowledge about valve substitutes and patients' numeracy [18] . It was not only found that almost half of the patients felt that they had insufficient knowledge about different valve prostheses after having received information but half of the patients also had impaired numeracy, implying that they experienced difficulty in weighing benefits and risks. Presenting data in pictograms may improve patient understanding of the benefits and risks of different types of valve prostheses [19] . In this study, a competing risks regression model was constructed for the Freestyle bioprosthesis to provide patients, cardiologists and surgeons with information on expected clinical outcomes, given the relevant predictors (age, renal function and implantation technique). Internal validation of this model showed good to fair predictive performance with respect to SVD occurrence up to 19 years and fair predictive performance with respect to mortality. As expected, this model was unable to accurately predict reoperation due to other causes than SVD. Such events may be attributed more to chance than to patient characteristics. The information from this model, showing both risks of events and the probability of remaining event-free, can be presented graphically to patients, improving their understanding of the presented data. This aids patients, cardiologists and surgeons in their shared decision-making in choosing a prosthesis.
Limitations
The retrospective part of this study comes with its accompanying limitations. Changes in (peri)operative management during the long study period may have influenced both early (as shown in this article) and late outcomes. Because of the small number of events, the results of this logistic regression model should be considered with some caution, because the possibility of some overfitting cannot be excluded. The several different indications and patient characteristics make this a heterogeneous series. Although internal validation of our competing risks prediction model showed good predictive capabilities, it needs to be validated externally.
CONCLUSION
The choice of the aortic valve prosthesis is a shared decision between patients, cardiologists and surgeons. For patients to make a well-informed decision, clinicians need to fully disclose the risks and benefits accompanying the different treatment options and present them in a comprehensible manner. The Freestyle stentless bioprosthesis is a valuable option for patients with an indication for aortic root replacement, with low incidence of SVD and valve-related events, especially in older patients. The competing risk regression model of this study can be used to clearly and fully inform patients about their expected individual trajectory after the implantation of this prosthesis. This improves the shared decision-making process between patients and clinicians.
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